Abstract Oxygen flux between aquatic ecosystems and the water column is a measure of ecosystem metabolism. However, the oxygen flux varies during the day in a ''hysteretic'' pattern: there is higher net oxygen production at a given irradiance in the morning than in the afternoon. In this study, we investigated the mechanism responsible for the hysteresis in oxygen flux by measuring the daily pattern of oxygen flux, light, and temperature in a seagrass ecosystem (Zostera muelleri in Swansea Shoals, Australia) at three depths. We hypothesised that the oxygen flux pattern could be due to diel variations in either gross primary production or respiration in response to light history or temperature. Hysteresis in oxygen flux was clearly observed at all three depths. We compared this data to mathematical models, and found that the modification of ecosystem respiration by light history is the best explanation for the hysteresis in oxygen flux. Light history-dependent respiration might be due to diel variations in seagrass respiration or the dependence of bacterial production on dissolved organic carbon exudates. Our results indicate that the daily variation in respiration rate may be as important as the daily changes of photosynthetic characteristics in determining the metabolic status of aquatic ecosystems.
Introduction
Seagrasses form highly productive ecosystems (Duarte & Chiscano, 1999 ) that can be net autotrophic (Duarte et al., 2010) , thus representing a globally important natural carbon sink (Fourqurean et al., 2012) . Primary production of seagrass ecosystems is also responsible for fuelling heterotrophic activity (Ziegler & Benner, 1998) , including the support of juvenile fish of commercial value (Bertelli & Unsworth, 2014) . However, the gross primary production (GPP), respiration (R), and net ecosystem metabolism (NEM) of seagrass varies substantially between different sites (Barrón et al., 2004; Duarte et al., 2010) and on different timescales (Rheuban et al., 2014a, b) . These variations are driven by variations in environmental drivers, including light availability (Gacia et al., 2005) , temperature (Caffrey, 2004) , nutrients (Spivak et al., 2009) , and water motion (Mass et al., 2010) . NEM can be determined by measuring the dissolved inorganic carbon (DIC) or oxygen (O 2 ) flux between the ecosystem and water column (Rheuban et al., 2014a) . Measurements of O 2 flux are more commonly used because instrument deployment and data analysis are relatively straightforward (Glud, 2008) .
In this paper, we investigate an unresolved question related to the within-day variability in O 2 flux associated with seagrasses, and aquatic ecosystems in general. In seagrass ecosystems (Rheuban et al., 2014a) , marsh ecosystems (Geertz-Hansen et al., 2011) and phytoplankton cultures (Marra, 1978) , greater O 2 production has been observed in the morning at a given irradiance than in the afternoon, to form a ''hysteretic'' pattern in O 2 flux. The hysteresis in O 2 flux observed in a Mediterranean marsh ecosystem was attributed to temperature-dependent respiration; in that coastal system the temperature varied over the day by 8-10°C (GeertzHansen et al., 2011) .
In contrast, hysteresis in O 2 flux observed in a temperate seagrass (Zostera marina Linnaeus) ecosystem could not be attributed to temperature as its daily variation was only 1.5°C (Rheuban et al., 2014a) . In that system, the hysteresis was also not explained by current velocity, and nutrient limitation over the day was deemed unlikely based on the high levels of nitrogen fixation (Cole & McGlathery, 2012) . Rather, the hysteresis was attributed to a variable respiration rate (Rheuban et al., 2014a) , either due to stimulation of heterotrophic respiration through the release and consumption of dissolved organic carbon (DOC) exudates (Ziegler & Benner, 1999) , and/or acute heat stress at high temperatures (Campbell et al., 2006) . DOC exudates are produced by seagrass during photosynthesis [Penhale & Smith, 1977 -for a review of the DOC exudation rates in several seagrass species, see Kaldy (2012 : Table 4) ]. Hence, the stimulation of heterotrophic respiration that gives rise to the hysteresis in O 2 flux may ultimately be a response to light history. Short-term light history has been shown to significantly affect primary production rates in other aquatic ecosystems, including phytoplankton (Marra, 1978; O'Brien et al., 2009 ) and corals (Anthony & Hoegh-Guldberg, 2003) . The potential for these different mechanisms to be responsible for the O 2 flux pattern can be assessed by using mathematical models to represent each mechanism, and identifying the model that best fits the data. To our knowledge this assessment has not yet been performed.
The purpose of this study was to identify the mechanism that produces the hysteretic pattern in daily ecosystem metabolism for a temperate Zostera muelleri Irmisch ex Ascherson meadow. Changes in light, temperature, and O 2 flux were measured over a 24 h period, at three depths (shallow, intermediate, and deep) within the same meadow. From the shallow to the deep site, there was a decrease in light availability of 50% and a decrease in daily temperature variability from 5.4 to 1.4°C, which was sufficient to isolate the impacts of light and temperature on the hysteresis in O 2 flux. These data were then compared with simple mathematical models of temperature-and light history-dependent NEM. We found that light history-dependent respiration, on the timescale of several hours, explains the hysteresis in O 2 flux. This diel variation in respiration rate produces significant differences between daytime and nighttime respiration (Hotchkiss & Hall, 2014; Rheuban et al., 2014a ) that must be considered when assessing the metabolic status of aquatic ecosystems (Staehr et al., 2012) .
Materials and methods
Study site: Swansea Shoals, New South Wales, Australia Swansea Shoals is a relic marine sand delta that is positioned as a nexus between the northern and southern basins of Lake Macquarie and hydrodynamically separates these basins. It possesses the most extensive Z. muelleri habitat in Lake Macquarie. Z. muelleri covers the euphotic shoals entirely between 1 and 3.8 m depth, but is limited at lower depths in the northern region of Swansea Shoals by the presence of Posidonia australis Hooker. There is also generally a significant reduction in Z. muelleri cover at depths shallower than 1 m, attributed to limitation by wave action, which can erode the sediment bed and make it difficult for seagrass to colonise (Vacchi et al., 2014) , and/or temperature stress on plant physiological processes (Ferguson, pers. comm.) .
Light, temperature, and dissolved oxygen measurements Clear plexiglass chambers were used to measure changes in temperature and dissolved oxygen (DO) concentration of the seagrass ecosystem, and light loggers were used to measure light dose at the seagrass canopy, over a 24 h period, midnight to midnight, on 19 February 2013. Three chambers were deployed at each of the three depths within the Z. muelleri meadow in Swansea Shoals: shallow (0.75 m), intermediate (1.5 m), and deep (3 m). Each chamber was fitted with a circulation pump to maintain a well-mixed water column, and a dissolved oxygen/temperature logger set to measure at 5 min intervals (HOBO U26 Dissolved Oxygen Data Logger, Onset, USA).
There are several potential issues associated with measuring O 2 fluxes in closed chambers to estimate seagrass community metabolism. For long incubations (e.g. 12-24 h), the closed chambers prevent water renovation which can potentially lead to oxygen supersaturation, especially at high irradiances (Olivé et al., 2015) . The larger modification of oxygen concentration inside chambers compared to ambient conditions can substantially alter seagrass photorespiratory activity (Buapet et al., 2013) . This issue can be alleviated by (1) ensuring that the ratio of seagrass biomass to the volume of water inside the chamber is sufficiently large, and (2) ensuring that the water inside the chamber is sufficiently well-mixed (Champenois & Borges, 2012) . The chambers used in our experiments had a cylindrical base of 47 cm internal diameter. The volume of the chambers was 88 l at the intermediate and deep sites, and 53 l at the shallow site to avoid protrusion of the chambers above the water surface. The pumping rates in the chambers were sufficiently low to ensure that there was no additional resuspension of sediments or breaking off of epiphytes inside the chambers, but these pumping rates were not calibrated to water flow rates.
Closed chambers can also inaccurately measure oxygen fluxes in permeable sediments because they may not adequately replicate pore water advection in these sediments (Berg et al., 2013) . The sediment at our study site, Swansea Shoals, was highly permeable and consisted of a sand fraction of 76.3 ± 8.9%, 91 ± 2.5%, and 93 ± 1.1% at the shallow, intermediate and deep sites, respectively (Ferguson, pers. comm.) .
To establish that our use of closed chambers to measure seagrass community metabolism was appropriate, we deployed two additional dissolved oxygen/ temperature loggers ( (Rice & Bridgewater, 2012) . This variation is small compared to the changes in DO concentration we measured over the 24 h period, and thus does not significantly affect our results. For measurements of DO concentration that involve a larger temperature range, the solubility of DO in water will need to be specifically accounted for by converting the units of DO concentration from mg l -1 to % saturation by dividing by the O 2 solubility in water (mg l -1 ). The O 2 solubility can be calculated for a given temperature and salinity using wellestablished empirical formulae (see, e.g. Rice & Bridgewater, 2012) .
Mean daily values of ecosystem respiration were calculated from the nighttime oxygen flux. For each of the three depths, O 2 flux measurements before sunrise and after sunset were averaged to estimate the daily respiration rate R (mmol O 2 m -2 d -1 ). This calculation is mathematically identical to previous calculations of ecosystem respiration from O 2 flux data (Hume et al., 2011; Rheuban et al., 2014a) .
NEM is the total oxygen produced by the ecosystem from the balance of GPP and R,
When plotting the O 2 flux data versus instantaneous irradiance, we found that the NEM increased with irradiance but reached a saturation value of NEM at sufficiently high irradiance. Previous in situ studies have attributed this observation to the saturation of GPP at high irradiances (Lindeboom & Sandee, 1989; Erftemeijer & Stapel, 1999; Martin et al., 2005) . Hence, for each of the three depths, we fit curves of the form (Jassby & Platt, 1976 )
to the dependence of instantaneous
is the maximum GPP which occurs at saturating light conditions and I k (lmol photons m -2 s -1 ) is the irradiance at which onset of saturation occurs. Parameters GPP max and I k were calculated at each of the three depths, from leastsquares fitting of Eq. (3) to the O 2 flux data. This calculation assumes that R is constant, i.e. daytime R is the same as nighttime R, and neglects the hysteresis pattern. We next resolve these two issues by considering models that act as extensions to Eq. (3).
Modelling the hysteresis pattern in O 2 flux
Four potential models were investigated for their ability to produce the hysteresis pattern in daily O 2 flux, based on two environmental factors (temperature and light history) affecting the two contributions to NEM (GPP and R). Hence, the four models were temperature-dependent GPP, temperature-dependent respiration, light history-dependent GPP, and light history-dependent respiration. Although it is possible that a combination of these four models may be responsible for the hysteresis in O 2 flux, we sought to identify if the hysteresis could be explained by just one of the four models.
Temperature-dependent GPP
GPP represents the gross oxygen production during photosynthesis (Hume et al., 2011) and is thus expected to increase with temperature (Lee et al., 2007) up until an extreme temperature at which heat stress occurs (Ralph, 1998) . At the temperatures observed in our study (B30°C, see Online Resource 2), Z. muelleri should not be heat stressed (Campbell et al., 2006) , so GPP should increase with temperature (Plus et al., 2001) . Temperatures are higher in the afternoon than in the morning due to warming during the day. This would induce higher GPP and therefore higher NEM in the afternoon compared to the morning, which disagrees with the O 2 hysteresis flux pattern of higher NEM at a given irradiance in the morning than in the afternoon. Hence, temperature-dependent GPP cannot be responsible for the hysteresis in O 2 flux, and we did not investigate this model further.
Temperature-dependent respiration
Assuming that Z. muelleri is not heat stressed at the temperatures observed in our study (as outlined above), the respiration rate increases with temperature (Plus et al., 2001 ). This could produce the reduced NEM in the afternoon and potentially give rise to the hysteresis pattern in O 2 flux. The ecosystem respiration rate in seagrass has been found experimentally to increase exponentially with temperature (Plus et al., 2001) ,
In this equation, R (mmol O 2 m -2 d -1 ) is the respiration rate at reference temperature T 0 (°C), and Q 10 is the factor increase in the respiration rate due to a temperature increase of 10°C. Hence, higher values of Q 10 indicate greater sensitivity of the respiration rate to temperature changes. Reported Q 10 estimates for seagrass respiration are typically around 2-3 (Marsh et al., 1986; Staehr & Borum, 2011) , which is similar to biological rates for other marine organisms (Valiela, 1995) . Q 10 values for seagrass respiration are typically larger than Q 10 values for seagrass photosynthesis (Marsh et al., 1986; Staehr & Borum, 2011) .
To investigate the potential for the hysteresis in O 2 flux to be driven by temperature-dependent respiration (Eq. (4)), for all three depths we set GPP max , I k and R equal to their mean daily values obtained from leastsquares fitting of Eq. (3) to the O 2 flux data, we set T 0 equal to the mean daily water temperature at the relevant depth, and we set Q 10 = 5 which represents a high sensitivity of respiration to temperature. (We will later show that this value of Q 10 is still too low to explain the hysteresis in O 2 flux). The dependence of NEM on irradiance predicted by Eq. (4) with these parameters was plotted against the O 2 flux data for comparison, at each of the three depths.
Light history-dependent GPP
To assess the potential for NEM to be affected by light history, we defined a conceptual variable I hist (lmol photons m -2 s -1
) which accounts for the light history on the timescale s (h). Light history I hist changes over time towards the current light level I, and thus represents a lag in the ecosystem's response to changing levels of light. The change in I hist followed first-order kinetics, used previously to represent photoacclimation dynamics in microalgae (Bernard, 2011) , phytoplankton (Post et al., 1984) and corals (Anthony & Hoegh-Guldberg, 2003) ,
If the light history timescale is small compared to the timescale over which I changes over the diel cycle (i.e. s « 1 h), then I hist will be almost identical to I and no light history effects will be observed. However, if s is of the order of hours, the response of I hist to changes in I is sufficiently slow to yield a clearly observable difference between I hist in the morning and afternoon (Fig. 1) , and may account for the hysteresis in O 2 flux.
As a first-order approximation, the parameters GPP max and I k depended linearly on I hist ,
where k GPP max and k I k represent the relative sensitivity of parameters GPP max and I k to light history, and GPP max,0 and I k,0 are the values of maximum GPP and saturation irradiance at a reference value of light history I hist,0 . If k GPP max or k I k are equal to zero, the associated parameter (GPP max or I k ) is not affected by light history. Equations (3), (5)- (7) together define our model of light history-dependent GPP.
To investigate the potential for the hysteresis in O 2 flux to be driven by light history-dependent GPP, we set s = 6 h (we will later show that light historydependent GPP cannot solely explain the hysteresis in O 2 flux, regardless of the value of s). The initial value of I hist at midnight was chosen to match the final value of I hist at the following midnight, in order to create a consistent 24 h cycle of light history. This was achieved using a root-finding algorithm to minimise the difference between the initial and final values of I hist , calculated from the numerical solution of Eq. (5) together with the irradiance data, at all three depths.
We set the reference light history I hist,0 equal to this initial value of I hist . Then, parameters GPP max,0 , k GPP max , I k,0 , k I k and R were calculated at each of the three depths, from least-squares fitting of Eq. (3) to the O 2 flux data; here GPP max was given by Eq. (6), I k was given by Eq. (7), and R was set as a constant. The dependence of NEM on irradiance predicted by Eqs. (3), (5)- (7) with these parameters was plotted against the O 2 flux data for comparison, at each of the three depths.
Light history-dependent respiration
The model of light history-dependent respiration uses the conceptual variable I hist and its dynamics (Eq. (5)) described in the ''light history-dependent GPP'' model. Similarly to the parameters GPP max and I k , the respiration rate depended linearly on I hist ,
where k R represents the relative sensitivity of respiration rate to light history, and R 0 is the respiration rate at the reference value of light history I hist,0 . Equations (3), (5), and (8) together define our model of light history-dependent respiration.
To investigate the potential for the hysteresis in O 2 flux to be driven by light history-dependent respiration, we again set s = 6 h and I hist,0 equal to the midnight value of I hist . Parameters GPP max , I k , R 0 , and k R were calculated at each of the three depths, from least-squares fitting of Eq. (3) to the O 2 flux data; here GPP max and I k were set as constants, and R was given 
Results
Hysteresis in O 2 flux occurred over the day at all three depths (Fig. 2) . The hysteresis effect was so large that the compensation irradiance, which indicates the light level required to exactly balance GPP and R (i.e. zero O 2 flux), was close to zero in the morning but was much higher in the afternoon, ranging from approximately 200 lmol photons m -2 s -1 for the deep site to over 400 lmol photons m -2 s -1 for the shallow site. It is difficult to estimate the precise value of the compensation irradiances in the morning and afternoon due to the noise present in the data, especially for the intermediate and deep sites (Fig. 2) . In contrast, the mean daily compensation irradiance I c was similar between sites and was always greater than zero (Table 1 ). The daily light dose and daily temperature variation both decreased towards the deeper sites (Table 1) .
The predictions of models based on temperaturedependent respiration, light history-dependent GPP, and light history-dependent respiration are shown in Figs. 3, 4, and 5, respectively. In each of these plots, the models are fitted to shallow, intermediate and deep sites in panels (a), (b), and (c), respectively. Jaggedness in the model predictions, clearly visible at the intermediate site and partially visible at the shallow and deep sites, occurs because of the variability of the instantaneous light level over the day (Fig. 1 , see e.g. just before midday at the shallow and intermediate sites).
Temperature variation was not large enough to explain the hysteresis in O 2 flux
For the model of temperature-dependent respiration (Eq. (4)), the key parameter is Q 10 as it determines the sensitivity of respiration to temperature. We fit Eq. (4) with a rather high respiration dependence on temperature, Q 10 = 5, to the O 2 flux data. This high value of Q 10 was still insufficient to explain the hysteresis at any of the three depths (Fig. 3) . Furthermore, in our study the same degree of hysteresis in NEM was seen b Fig. 2 at all three depths, but the temperature variation over the day ranged from 1.4°C at the deep site to 3.1°C and 5.4°C at the intermediate and shallow sites. If temperature was responsible for the hysteresis, the effect would have been greater at the shallow site than at the deep site, but this was not the case. From further examination of the temperature-dependent respiration model, we found that Q 10 for respiration would need to be greater than 10, 25, and 5000 for the shallow, intermediate, and deep sites, respectively, to explain the hysteresis (data not shown). We therefore concluded that temperature-dependent respiration cannot explain the hysteresis in O 2 flux.
Light history-dependent GPP could not explain the different O 2 fluxes at sunrise and sunset
For the model of light history-dependent GPP, the light history timescale s = 6 h was sufficiently large to produce a clearly observable difference between I hist in the morning and the afternoon (Fig. 1) . In the fitted models, GPP max and I k were both found to increase with light history (i.e. k GPP max [ 0 and k I k [ 0 in Eqs. (6) and (7), see Online Resource 3), to produce lower NEM in the afternoon compared to the morning, in agreement with the hysteresis in O 2 flux data. Although the model of light history-dependent GPP fits the O 2 flux data quite well (Fig. 4) , it cannot capture a key feature of the hysteresis pattern: distinctly higher NEM at sunrise than at sunset. This feature is observed clearly in both our data and in previous reports of the hysteresis in O 2 flux (GeertzHansen et al., 2011; Rheuban et al., 2014a) . The model of light history-dependent GPP does not predict higher NEM at sunrise compared to sunset because the negligible irradiance at both these times produces negligible GPP. We therefore concluded that light history-dependent GPP cannot explain the hysteresis in O 2 flux.
Light history-dependent respiration explains the hysteresis pattern in O 2 flux
In the model of light history-dependent respiration, the respiration rate was found to increase with light history (i.e. k R [ 0 in Eq. (8) (see Online Resource 3), which explains the large observed difference in compensation irradiance between morning and afternoon. To ensure our conclusion that light history-dependent respiration explains the hysteresis in O 2 flux was not sensitive to the chosen light history timescale of s = 6 h, we also fitted models of light history-dependent respiration to the O 2 flux data for timescales of s = 4 h and s = 8 h. These models similarly captured the key features of the hysteresis pattern (data not shown).
Discussion
In this paper, we investigated whether the daily ''hysteretic'' pattern of the most common measure of NEM (O 2 flux) in an aquatic ecosystem (monospecific Z. muelleri meadow in Swansea Shoals, Australia) can be attributed to temperature-dependent GPP, temperature-dependent respiration, light history-dependent GPP, or light history-dependent respiration. To accomplish this, we represented each mechanism as a separate mathematical model, and identified which model best fits the O 2 flux data. Our results indicated that light history-dependent respiration best explains the daily hysteresis pattern in O 2 flux. We first ruled out the model of temperaturedependent GPP because it would produce higher NEM in the afternoon compared to the morning. This disagrees with the observed pattern of higher NEM in the morning than in the afternoon.
Second, we ruled out the model of temperaturedependent respiration, because the daily temperature variation was not large enough to produce the observed daily variation in NEM at any of the three depths we investigated, despite our assumption of high sensitivity of respiration to temperature (Q 10 = 5). In comparison, previously reported Q 10 values for photosynthesis and respiration parameters of seagrass range from 1.2 to 3.9 (Marsh et al., 1986; Staehr & Borum, 2011) . Temperature-dependent respiration is also inconsistent with our observation of the same degree of hysteresis at all three depths, despite markedly different daily temperature variation between these depths (1.4, 3.1, and 5.4°C). In a previous study which attributed hysteresis of O 2 flux in a shallow marsh ecosystem to temperature-dependent respiration (Geertz-Hansen et al., 2011) , the daily temperature variation was large enough (8-10°C, Q 10 = 2.9) to explain the NEM pattern, although the effect of different depths (and hence different daily temperature variations) could not be investigated because of the limited depth range of the marshes (0.18-0.60 m). Whilst we cannot discount the possibility that temperature-dependent respiration contributes to the hysteresis in O 2 flux, our results indicate that it cannot be the only mechanism responsible for this pattern in seagrass ecosystems (Rheuban et al., 2014a) .
We next ruled out the model of light historydependent GPP, because this is unable to explain the distinctly higher NEM at sunrise than at sunset, observed clearly in both our data (Fig. 2, I = 0) and in previous studies (Geertz-Hansen et al., 2011; Rheuban et al., 2014a) . Interestingly, in our fitted models, both GPP max and I k increased with light history at all three depths. This coincides with the finding that photosynthesis parameters P max and I k of seagrass change significantly over the course of the day, increasing in response to increasing light levels (Ralph et al., 2002; Campbell et al., 2003; Silva & Santos, 2003) . Whilst it is tempting to attribute NEM to seagrass photosynthesis, it is not clear if the response of the seagrass photosynthesis parameters to light is delayed on the timescale of hours required to produce the hysteresis in O 2 flux. We also cannot assume that seagrass is the dominant contributor to NEM in our system (see e.g. Murray & Wetzel, 1987; Moncreiff et al., 1992; Kaldy et al., 2002) . Increasing I k with increasing light history will contribute to the observed hysteresis pattern by producing lower NEM in the afternoon than in the morning, but increasing GPP max with increasing light history will oppose the pattern by producing higher NEM in the afternoon than in the morning. Hence, the daily variation in I k must have a greater effect on GPP than the daily variation in GPP max , to explain the measured O 2 flux data. The presence of these competing processes leads to some erroneous predictions of parameter values for the light history-dependent GPP models (e.g. Finally, we concluded that light history-dependent respiration best explains the hysteresis in O 2 flux data, because it is able to account for the distinctly higher NEM at all times of the morning including sunrise than all times of the afternoon including sunset. At all three depths, the fitted models yielded mean daytime respiration rates that were approximately 1.7-2.1 times the mean nighttime respiration rates. This agrees with recent reports of the daytime respiration rate being 1.5-4.4 times the nighttime respiration rate in aquatic ecosystems (Hotchkiss & Hall, 2014) . It also agrees with a previous estimate, from observation of the hysteresis in O 2 flux in a temperate seagrass (Z. marina) ecosystem, that the daytime respiration rate may be up to 2.5 times the nighttime respiration rate (Rheuban et al., 2014a) . This could indicate that there is an intrinsic diel rhythm (McWatters & Devlin, 2011) in seagrass respiration, similarly to circadian patterns in starch degradation (Graf et al., 2010) and carbon assimilation (Hennessey & Field, 1991) observed in other plants. Because below-ground seagrass biomass contributes non-negligibly to total plant respiration (e.g. Dunton & Tomasko, 1994; Collier et al., 2011) , the diel rhythm of seagrass respiration could potentially be associated with a lag in the transport of photosynthetically derived oxygen to below-ground tissues (Miller et al., 2007) , although examining the physiological mechanisms responsible for this is beyond the scope of our study.
An alternative explanation for the large variation in respiration rate over the diel cycle is the contribution of heterotrophic respiration to the observed O 2 flux pattern (Tobias et al., 2007) . Seagrass produces DOC exudates mostly during the day (Penhale & Smith, 1977) , which stimulate microbial production in the rhizosphere and water column (Moriarty et al., 1986) . The exudates may continue to influence microbial activity after sunset, until the DOC exudate pool becomes depleted towards the end of the night. This would explain our model's prediction of decreasing respiration rate over the night (reduced DOC exudates available for microbial respiration) and increasing respiration rate over the day (DOC exudate production stimulates microbial respiration), as shown by the green line in Online Resource 4.
To further explore the hypothesis that seagrass production of DOC exudates fuels a diel variation in heterotrophic respiration, we compared our calculated ecosystem respiration rates to literature values for the DOC exudation rate. To our knowledge, DOC exudation rates have not been reported for the seagrass species we investigated (Z. muelleri). Net flux of DOC from the benthos of 0-18 mmol C m -2 d -1 has been observed in a Thalassia testudinum Banks ex König dominated meadow and attributed mainly to seagrass exudation (Ziegler & Benner, 1999) . This DOC exudation rate is large compared to rates reported for other seagrass species (Kaldy, 2012 , Table 1 ), suggesting that the rate of DOC exudation by seagrass may not be sufficient to support a diel variation in heterotrophic respiration. On the other hand, dissolved organic nitrogen (DON) fluxes have been directly measured in the Z. muelleri meadow we investigated, and shown to increase significantly during the second half of the day (zenith to dusk) compared to the first half of the day (dawn to zenith) (Ferguson, pers. comm.) . If DOC fluxes show the same pattern as DON fluxes, they may contribute non-negligibly to the daily hysteresis in oxygen flux. Hence, it is currently unclear whether a diel rhythm in seagrass respiration or DOC exudate-supported heterotrophic respiration is the primary reason for the increased NEM in the morning compared to the afternoon. This is an interesting problem to resolve in future work.
The conceptual variable I hist used in our models to represent light history has potential additional interpretations both in our study and more generally in other studies investigating ecological responses to changing environmental factors. If a diel rhythm in seagrass respiration is responsible for the variable ecosystem respiration rate, the changes in I hist may represent the current irradiance at which the seagrass respiration rate is photoacclimated (on hourly timescales). If diel variation in consumption of DOC is responsible for the variable respiration rate (Tobias et al., 2007) , the changes in I hist may represent either the changes in the size of the DOC exudate pool available for consumption (this pool would increase over time due to high light and decrease over time due to unsustainable consumption), a delay in the response of heterotrophic consumption to changes in the availability of DOC exudates, or a mixture of the two.
Similarly to I hist , a conceptual variable I* was introduced by Bernard (2011) to represent the current irradiance at which microalgae cells are photoacclimated. The photoacclimation state I* followed firstorder kinetics in response to the current light level and induced changes in chlorophyll concentration, analogously to our definition of I hist (first-order responses to I) and its induction of changes in ecosystem respiration rate. Seagrass also responds to changes in light conditions via several physiological and morphological responses (Longstaff & Dennison, 1999; Waycott et al., 2005; Maxwell et al., 2014 ) that act on short and long timescales, respectively, to modify the net photosynthesis rate (photosynthesis minus respiration). Hence, as a first attempt to model photoacclimation of seagrasses over greater than daily timescales, I hist or I* could be used to represent the light history or photoacclimation state of the seagrass in units of daily light received (mol photons m -2 d -1 ). Changes in this model variable could then induce changes in seagrass photosynthesis and respiration, in a similar way to our models in which I hist induced changes in ecosystem GPP or respiration. More generally, Eq. (5) can be easily adapted to model any ecosystem quantity that acclimates to an external environmental factor (e.g. for thermal acclimation, simply replace I hist by T hist ) over any timescale s.
Whilst previous studies of seagrass physiology have highlighted that photosynthesis rates vary significantly over the course of the day (Ralph et al., 2002; Campbell et al., 2003; Silva & Santos 2003) , our work demonstrates that the diel variations in respiration rate may be as important as the daily changes in photosynthetic characteristics in determining the metabolic status of seagrass ecosystems. However, the daily hysteresis in NEM may not be present in all seasons of the year (Rheuban et al., 2014a) . Also, the results we obtained are only valid if closed chambers do not significantly compromise the measurement of oxygen fluxes (Champenois & Borges, 2012; Berg et al., 2013; Olivé et al., 2015) . The variation in oxygen concentration over 24 h, measured with both open loggers and closed chambers (Online Resource 1), was sufficiently large to induce a potential diel cycle between oxygen undersaturation and supersaturation conditions (Rice & Bridgewater, 2012 ). This appears to be a natural phenomenon at our study site, Swansea Shoals, and may also be present in other aquatic ecosystems where water column oxygen concentrations are more substantially affected by ecosystem metabolism than water motion. Although we compared measurements of oxygen concentrations between open loggers and closed chambers to justify our use of closed chambers (Online Resource 1), and similar hysteresis patterns in daily oxygen flux of seagrass and other aquatic ecosystems have been observed using other experimental methods (GeertzHansen et al., 2011; Rheuban et al., 2014a) , we cannot rule out the possibility that our results could be affected by artefacts arising from our use of closed chambers.
Future work to extend upon our results could include investigations of (1) the contribution of daily variation in respiration rate to the oxygen flux pattern, using similar mathematical approaches but different experimental methods (e.g. Rheuban et al., 2014b) , (2) the different contributions of the ecosystem to daily variation in respiration rate, (3) the physiological mechanisms responsible for diel rhythms in seagrass respiration (if seagrass respiration is responsible for the oxygen flux pattern), (4) the different contributions to heterotrophic respiration from the sediment and epibenthos (if heterotrophic respiration is responsible for the oxygen flux pattern), and (5) the reasons for seasonal variation in the daily hysteresis pattern of O 2 flux (if this seasonal variation is present).
Conclusion
This study illustrates that a diel variation in respiration rate in seagrass ecosystems explains the significant difference in O 2 production between the morning (including sunrise) and the afternoon (including sunset), and implies that there is a significant difference between daytime and nighttime respiration rates (Hotchkiss & Hall, 2014; Rheuban et al., 2014a) . Our results, obtained from comparison of observed data to simple mathematical models, demonstrate that diel patterns in NEM must be accounted for when assessing the metabolic status of aquatic ecosystems (Staehr et al., 2012) . We suggest that combined experimental and theoretical approaches, such as those used here, will help further elucidate the dynamics that underlie the metabolic status of aquatic ecosystems.
